In this letter, we present algorithms to estimate contact locations, external forces, and joint torques using skin, i.e., distributed tactile sensors, kinematic sensors, and a single Inertial Measurement Unit (IMU) without the need for force-torque sensors. Distributed tactile sensors are an array of discrete tactile sensors (taxels) with gaps between them. To cope with the gaps, we use interpolation techniques to improve accuracy of the measurements in the skin. Then, we estimate the external force. Finally, we use this information combined with the contact location obtained from the skin to estimate the joint torques. Validation was performed using the iCub humanoid robot. Results show a performance comparable to the joint torque estimation using expensive force-torque sensors. Since the skin is less expensive and does not require modification of the internal structure of the robot, using the skin is an interesting solution.
I. INTRODUCTION
T HE importance of the sense of touch on human beings goes without saying. Our skin enables the sense of touch over the entire human body. It allows us to detect pressure and temperature at any body location. This translates to our innate ability to determine contact locations and have a feeling of the force experienced at the contact. On the other hand, robots with a sense of touch [1] are still at their embryonic stage. At present, robots still struggle with handling unexpected interactions with their environment, as it could be observed at the DARPA Robotics Challenge Finals in June 2015 [2] . To cope with unexpected interactions, information about both the location of the contact as well as the forces acting on the robot, are fundamental for the design of whole-body robot controllers. On the other hand, joint torques are crucial because they are directly related to the motors actuating those joints, making them essential feedback for force-torque controllers. This letter presents algorithms to estimate external forces and joint torques Manuscript of a robot equipped with distributed tactile sensors, usually referred to as artificial skin. Providing force information to the robots increases their operational ability. Contact force estimation enables them to improve adaptability to terrain roughness and simplifies many of the control algorithms [3] . Many approaches have been developed to estimate contact forces. They typically separate this problem in two phases: contact location estimation and contact force estimation. Sensor fusion techniques have been used to perform contact detection and localization based on hypothesis generated using tactile, force-torque and range sensors [4] . Essentially, this approach gives mainly the contact location for improving grasping, while estimation of contact forces is neglected.
A common strategy for external force estimation is based on the residual concept [5] , which has also been combined with a Kinect to detect the contact location [6] . The use of vision sensors to determine the contact locations, may suffer from occlusions during real case scenarios.
Another approach to estimate contact forces is based on Kalman filters with contact forces modeled as compliant contacts [7] . This technique, usually referred to as Active Observer, aims at estimating the position of the contact point on the robot. It is, however, limited to the single contact case.
Along the same direction, Extended Kalman filters can also be used to estimate: i) the robot dynamic pose; ii) the internal (body) and external (ground contact) force-torques acting on the individual feet of a bipedal robot fusing haptic (compliant skin), inertial, and force/torque (F/T) measurements [8] . This is achieved by augmenting the state of the associated robot dynamics. This approach requires the skin to be flat which limits its use to the feet only.
There are techniques that combine the distributed force/torque and tactile sensors. For instance, joint torques estimated from distributed six axis F/T sensors [9] and tactile sensors can be fused to estimate external contact forces [10] . With this strategy, the problem is well-posed only if there is one contact wrench acting on the robot. In the case of multiple contacts, linear leastsquare methods can be applied.
Some attempts have been made to calibrate the tactile sensors to estimate contact forces. Multiaxis F/T sensors measurements can be used to define a linear regression of the unknown local stiffness. Transformation matrices between the F/T sensor and each tactile element are able to be calculated in the process [11] . This technique was conducted in a planar array of tactile sensors manually stimulating each tactile element, disregarding the gaps in between.
Calibration of the skin using vacuum bags to estimate contact forces has also been done [12] . This approach allows to calibrate a whole patch of skin at the same time. Although again the space between the tactile elements is neglected.
Concerning joint torque estimation, a common approach is to equip robots with specific sensors. Series Elastic Actuators (SEA) [13] and strain gauge-based sensors [14] , [15] are two common solutions to estimate joint torques. Often, both these solutions add a degree of compliance into the robot, which makes the control and planning tasks more complex. Based on the same elastic principle, joint torque estimation can also be achieved by measuring the deformation in the Harmonic Drive to estimate Joint torques [16] . Using any of these techniques for joint torque estimation requires mechanical changes, which may sometimes be not feasible. Therefore there are many robots that do not include joint torque sensors, such as the iCub [17] . A solution has been to add F/T sensors at strategic locations. Installing force sensors on the robots resulted in high maintenance prices, high noise values, soft structure, and complication of the system's dynamic equations [18] .
The main contribution of this letter is to show estimation algorithms for contact locations, external forces and joint torques using only skin, joint encoders and a single IMU. The proposed approach has the advantages to be easy to integrate on the robot (compared to modifying the inner structure of the robot to include other sensors) and to be cheaper compared to other solutions such as F/T sensors or joint torque sensors. The presented algorithms exploit pressure interpolation techniques to deal with the gaps between tactile elements, this improves the accuracy of the tactile sensors. Then, we estimate the external force. Finally, we use this information plus the location of the contact obtained from the skin to estimate the joint torques of the robot. The innovation is applying the interpolation techniques to improve the accuracy of the tactile sensor and the inclusion of the tactile sensor into the estimation scheme as a source of force and torque information. The proposed techniques are validated using the humanoid robot iCub.
To the best of our knowledge, this is the first time the problem of detecting contact locations, estimate contact forces and estimate joint torques has been effectively solved relying only in a whole body distributed tactile sensor, joint encoders, a single IMU and the robot model.
The letter is structure as follows: in Section II we describe the notation and the current external force-torque and joint torque estimation scheme. Section III describes the problem statement and the contribution of this letter. Section IV details the experiments and contains the results.
II. BACKGROUND

A. Notation
The following notation is used throughout the paper. For more details on the notation see [19] .
r The Euclidean norm of either a vector or a matrix of real numbers is denoted by · . 
is the 6D force transformation from B to A r A multibody system is composed of two sets. A set L of n L rigid bodies (links) interconnected by n J mechanisms (joints) constraining the relative motion of a pair of links. J is the set of joints, represented as the two links interconnected by the joint. Each body B is associated with a frame B rigidly attached to it. r s, p is the dot product between vectors s and p.
B. Method for Estimating External Force-Torques
The current algorithm consists in cutting the floating-base tree at the level of the (embedded) F/T sensors obtaining multiple subtrees that we call sub-models. The base of a sub-model is the link in the sub-model connected to the F/T sensor closer to the floating-base. Each sub-model is considered an independent articulated floating-base structure governed by the Newton-Euler dynamic equations [19] . In the example in Fig. 1 , measured force-torques are indicated in green and are pointing towards the floating-base, while unknown contact force-torques are drawn in red. There are n = 5 force-torque sensor in the system, that is then decomposed in n + 1 = 6 sub-models. The external force-torques are estimated with the procedure described below.
In the simple case of one body, we define the sensor proper acceleration of body B of the frame B w.r.t. to the frame
], where A g is the gravitational acceleration in the inertial frame [19] .
We also define the inertia tensor of body B expressed with respect to frame B as 
(1) In (1) the term B f s is the only one that does not depends on acceleration, velocity and the inertial parameters of the body. For convenience, we will indicate all other terms as:
From here on, we will omit the dependency on the proper sensor acceleration and on the body angular velocity indicating this term as B φ B and call it net force-torque acting on the body B even if this term does not include the force-torque due to gravity.
When considering the case of a multibody system, for each link in a sub-model L ∈ L sm we indicate with sm (L) the set of links that are connected with L in the floating-base tree, but belong to a different sub-model.
For the multibody case, we express the net force-torque of a submodel as:
where L f x L is the external force-torque of link L expressed in link L frame, D f D ,L is the force-torque that link D exerts on link L as seen by the F/T sensor in between both links and C ⊆ L is the subset of the links where external force-torques are acting . Noting that in (1) and in (3) the only unknowns are the contact force-torques, the estimation problem may be solved rewriting these equations in the matrix form
The estimation scheme takes into consideration the following three types of possible contacts: r pure force-torque ( L f x ∈ R 6 , unknown vector corresponding to force and torque expressed in the link frame of contact L) r pure force (f x ∈ R 3 , unknown vector corresponding to a pure force and no torque) r force norm ( f x ∈ R 1 , unknown assuming the pure force to be orthogonal to the contact surface) The matrix C is built by adding columns for each contact according to its type. The columns associated to pure forcetorques (C w ), pure forces (C f ) and pure force norm (C n ) are the following:
where B is a common frame, in this case the base of the submodel was selected, andû x is the unit normal vector of the contact force-torque. The matrix C mainly depends on the contact location sensed by the skin. The 6 dimensional vector b is defined from (3) in the following way:
The vector b depends on kinematic quantities derived from whole-body distributed gyros, accelerometers, encoders and the F/T sensors [9] . Once C and b have been computed, we can solve the equation Cx = b for estimating external force-torques. When only a single contact acts on the sub-model, there are six unknowns for a system of six equations therefore the associated force-torque has a unique solution. Whenever two or more contacts are detected, the system admits infinite solutions and it is impossible to get a reliable estimate of the contact wrenches without imposing some constraints to the system. The adopted solution consists in computing the minimum norm x * that minimizes the square error residual:
where C † is the Moore-Penrose pseudo-inverse of C [10] . The above solution distributes equally the total external wrench among all contacts.
C. Method for Estimating Internal Torques.
Once an estimate of external forces is obtained with the method described in Section II-B, internal force-torques can also be estimated with a standard Recursive Newton-Euler Algorithm (RNEA). The torque τ {E ,F } of the joint connecting link E and F comes from the projection of the joint force-torque on the joint motion subspace [19] :
where γ E (F ) is the set of the links belonging to the sub-model starting at link F , given E as a base link, E s F,E is the mapping between the relative 6D velocity of the two bodies connected by the joint and the joint velocity known as joint motion subspace vector [19] , [20] .
III. METHODOLOGY
A. Problem Statement
Assuming a contact is sensed by the skin and its location is known, we need to estimate the external contact force and joint torques of the robot. We achieve this by improving the contact force estimation of the skin and use this information to estimate the joint torques.
B. Contact Force Estimation From the Skin
The tactile sensors are able to measure the pressure applied to each one of them individually. However, the sensors are positioned on the surface as an array of discrete taxels with gaps between them. In order to compensate for this shortcoming, we can interpolate the pressure values between the sensors where the pressure cannot be explicitly measured.
Every point on the skin covering a given link can be represented by a pair of surface coordinates, that we refer as the
The method used for interpolation consists of the following steps:
1) Location of the sensors in the u-v plane are collected.
2) Pressure values of the sensors are measured. The values are stored in the p axis which is orthogonal to the u-v plane.
3) The sensors are modelled as a circle (with appropriate area) labelled with a certain number of data points. The pressure is assumed to be constant over the area of the sensor, therefore all the data points of a specific sensor have the same value in the p axis.
4) The trilinear interpolation based on a Delaunay triangu-
lation is used to interpolate the pressure field between the data points [21] . The output from the interpolation allows us to define the pressure field p(u, v). An example of the pressure field while a 1kg mass is put on the skin is shown on Fig. 2 .
The 3D positions of all the sensors are known but there is no information about the surface between the sensors. Therefore, the surface has to be interpolated between the known values. The positions corresponding to u-v field can be divided into 3 separate interpolation problems, one for each axis. The trilinear interpolation allows us to define the interpolated field of each axis of the position vectors, i.e., x(u, v), y(u, v) and z (u, v) .
The position vector expressed in the link frame corresponding to a location on u-v plane can be expressed as follows:
where e 1 , e 2 , e 3 are the basis of the 3D space.
The normal vectors of all the sensors are known, but there is no information about the surface normals between the sensors. Therefore, the normals have to be interpolated between the known values. The normals corresponding to u-v field can also be divided into 3 separate interpolation problems, one for each axis. The trilinear interpolation allows us to define the interpolated field of each axis of the unit vectors, i.e., n x (u, v), n y (u, v) and n z (u, v), with the actual normaln(u, v) given bŷ
Assuming that ∂ r ∂ u × ∂ r ∂ v ≈ 1 the total force vector can be found as:
while the total torque vector can be found as follows:
C. Adding Known External Force-Torques to the Joint Torque Estimation Scheme
To consider the effect of having the knowledge of an external force-torque at a known location ( K f k K ), it is necessary to extend the current framework detailed in Section II-B to include the new type of contact. This is achieved by adding the characteristics of this contact to all parts of the equation Cx = b and equations (6b), (6c).
In the case of the C matrix, the 4 th contact type would be a 6 × 0 matrix:
and for the b term the equation would be:
where
is the set of force-torque contacts estimated by the skin in a submodel. This allows the robot to estimate multiple external contact forces correctly as long as most of the contacts happen in the areas covered by skin. This improves the scheme described in Section II-C, where the estimation when multiple contacts happened in the same sub-model relies on assumptions that are often false.
Then the known force-torques are added to the estimated force-torques to obtain the joint torque as follows:
where K L is the set of force-torque contacts estimated by the skin that belong to a given link L.
IV. EXPERIMENTS
A. Experimental Platform
Experiments have been performed on the 53 DOF robot iCub. Six custom-made six axes F/T sensors [22] ( one per ankle, leg and arm) are placed as shown in Fig. 3 . The force torque sensors mounted on the iCub use silicon strain gauge technology. The distribution of the skin on the robot can be observed in Fig. 3 . The skin of iCub [23] is an array of compliant distributed pressure sensors composed of triangular modules of 10 taxels each, which act as capacitive sensors, plus two temperature sensors for drift compensation. Each single taxel has 8 bits of resolution. The skin of iCub is calibrated using the vacuum bags, to create a uniform pressure distribution on the skin's surface that enables us to relate the capacitance value to the applied pressure [12] . Therefore, we are able to know the pressure that is applied to each separate sensor in the array.
For the experiments a set of calibration masses (0.2 kg, 0.5 kg, 1 kg and 2 kg) were used. The weights are positioned either directly on the right lower leg of the iCub or hanging from the leg with a cloth stripe as shown in Fig. 4 .
During experiments, we focus on the right lower leg of the robot and more specifically in the knee joint. Regarding the joint torque estimation using the F/T sensors, both sensors at the leg are involved. The skin patch in the right lower leg of the iCub, with 380 discrete sensors, was used for the estimation using the skin. r The robot skin has been previously calibrated (up to 50kPa) using vacuum bags, using the technique described in [12] .
r The F/T sensors where calibrated in situ using a model base approach to boost performance of the sensors [24] .
C. Experiment Description
There were mainly 2 locations in which the weights were applied. When the calibration weights are placed on the right lower leg in a position close to the ankle, the distance from the knee is between 12 cm and 13 cm. On the other hand when hanging from the lower leg near the knee, the distance is between 4 cm and 5 cm. The torques are estimated with respect to the frame of the joint in the knee. The external force-torques and joint torques obtained using the F/T measurements are estimated using the methods described in Section II. When using the skin, the external force-torques are estimated applying the interpolated technique to the skin measurements as described in Section III-B. Then these values are included as known external force-torques into the extended estimation scheme described in Section III-C. An example of the skin being activated by the contact and its pressure field representation can be seen in Fig. 2 .
In most of the experiments the right leg was raised at 90 • . There were two sets of experiments. The first set was used to compare the results of force estimation using the skin with and without interpolation against a known force due to gravity. The second set of experiments was a comparison between the joint torque estimation of the F/T sensor and the interpolated skin measurements.
In the set of force skin estimation experiments the weights where added one after the other starting from 0.5 kg up to 3 kg placing most of them on top of the right leg. As it can be appreciated in Fig. 5 . Since the weights to reach 3 kg are different we had to take off previous weights and then add the 3 kg hanging from the leg, see Fig. 4 .
In the set of joint torque experiments, the first experiment was to put 1 kg on top of the right leg ( Fig. 6(a) ). The next experiment consisted in increasing the load on the leg of the sensor to see the performance of sensor when the load varies ( Fig. 6(c) ) in an attempt to see the response of the scheme to a changing external force. Another experiment was intended to see the performance of the sensor near it's calibration limit, in this case 3 kg made the skin go near the limit (Fig. 6(b) ). And the last experiment was to verify the performance when the angle at which the load is applied changes. This was done by lowering the leg from 90 • to 75 • in intervals of 5 • , we observed that at 70 • the weight would start slipping and fall down ( Fig. 6(d) ).
D. Validation
For the validation of the forces the calibrated masses were placed on top of the skin normal to the ground as shown on Fig. 4(a) . The forces applied by the masses were then compared to the forces estimated with and without using the interpolation method. For comparison, we use the magnitude of the contact forces calculated using equation (9) .
The estimation without interpolation assumes that the pressure is uniform over the area of the sensor and all sensors are covering an equal area. This estimation method is referred from here forth as simple estimation. The magnitude of the forces using the simple estimation can be found with the following equation:
where f c ∈ R 3 is the total contact force, p i ∈ R + is the pressure of a particular sensor, A ∈ R + is the area of the tactile sensor,n i ∈ R 3 is the normal of the taxel and k is the total amount of taxels.
For the torque, finding the exact location of the contact is required for a ground truth. This location is estimated from the taxels that are activated by the contact in both joint torque estimations. In this case, we will consider proximity to the torques estimated with the F/T sensor as the validation, since these values currently allow the iCub robot to perform dynamic movements such as balancing [25] .
E. Results
1) Contact Force Estimation Results:
The magnitude of the forces using the interpolated estimation (red), given by the magnitude of Eq. (9) , is compared to the magnitude of the forces using the simple estimation (blue), given by Eq. (17) . The green line displays the reference force applied on the skin during the experiment. After every 5-6 samples the program was stopped in order to change the weights applied on the skin.
It can be observed in Table I , that the simple estimation underestimates the total force applied. This is due to the fact that some of the force is applied in the areas between the sensors that we cannot measure explicitly. However, interpolation of the pressure field allows us to improve the estimation as can be seen from the graph on Fig. 5 .
When the pressure on the taxels comes close to the 50 kPa (limit of the calibration) the performance dropped, as seen when using the 3 kg mass. This can be avoided by distributing the forces over a bigger set of taxels. This allows to correctly estimate cases where it otherwise would not be possible using the interpolated skin estimation.
From Table I , it can be seen that the simple method has a mean error of 2.7450 N and 2.0567 N if we avoid the calibration limit. Comparatively, the mean error of the interpolation estimation 
TABLE I FORCE RESULTS
*the mass is on top off the right lower leg. is 0.6477 N and 0.4662 N respectively. This means that the interpolation method is 4 times better than the simple method.
2) Joint torque results: The root mean square error (RMSE) between the estimated torques is 0.1298 Nm on average, as it can be verified in Fig. 6(c) . It can be observed from the first experiment ( Fig. 6(a) ), that when the motors are not so hot the skin estimation is at its best with a RMSE of 0.0356 Nm, but after some time the estimation performance decreases due to temperature drift, as can be seen from the rest of the RMSE values in Table II.   TABLE II  JOINT TORQUES RESULTS *the mass is on top off the right lower leg.
TABLE III JOINT TORQUE COMPARISON AT DIFFERENT CONTACT ANGLES
When interacting with the environment, is likely the contacts do not have a constant force due to the movement either of the robot or the object in contact. Fig. 6(c) demonstrates how the estimation would respond to slight variations of the contact forces. It can be observed that it follows the same behavior of the F/T sensor.
Considering the the F/T sensors have been effectively used as joint torque feedback for the current controller [26] , these results allow us to consider the joint torques estimated with the skin as viable candidate to replace the F/T measurements. Although verification might be needed, since the joint torque estimation with skin has a higher oscillation in some cases, as can be seen from the standard deviation in Table II and Fig. 6 .
Is important to consider that the skin measures only normal forces and this effect can be showcased in Fig. 6(d) and Table III . Where the performance of the joint torques estimated with the skin drop due to the angle with which the external force is applied.
V. CONCLUSION
Results have shown that the skin has the possibility to serve as an external force torque sensor and potentially replace the current F/T sensors. As shown in Section IV-E, the estimation of contact forces using the interpolation is 4 times better than the estimation without interpolation. This allow us to consider the estimated external forces using the skin as a reliable source of force torque measurements. Given the performance of the joint torque estimation, it could be considered as feedback for the current force torque controller [25] .
Using the skin is an interesting solution to the external force and joint torque estimation problem because the cost of the distributed tactile skin is lower than the set of F/T sensors and easier to integrate. It also allows to accurately estimate external forces when more than one external force is acting on each sub-model, which was a limitation of the previous estimation scheme.
While the experiments show results comparable to the F/T sensors, using the iCub skin has the following limitations:
r It is not possible to measure the shear forces, but only normal forces at the contact.
r Unable to detect pure torques, or forces aligned with the surface of contact.
r The pressure in any given taxel should not exceed the max pressure used in the calibration.
r The temperature drift is higher than the one of the F/T sensor. Part of the future work is to fuse the information of the F/T sensors, the skin and possibly the motor current to improve the estimation of external force-torques and joint torques, beyond the existing current results.
The design of a device to calibrate the skin beyond 50kPa as well as a skin capable of sensing shear forces are fundamental for improving the reliability of the skin as a F/T sensor. As such we will address this issues in our future research.
